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Abstract
Additive manufacturing (AM) techniques offer the possibility to produce open-cell porous
implants with the desired topological design at the micro-scale. The vast majority of previous
theoretical and numerical studies carried out on the mechanical properties of AM porous
biomaterials had assumed their normalized elastic mechanical properties to be independent from
the material type and only dependent on the topological design. In this study, we evaluated this
assumption and tried to quantify the isolated and modulated effects of topological design and
material type on the mechanical properties of AM porous biomaterials. Towards this aim, we
assembled a large dataset comprising the mechanical properties of AM porous with different
topological designs (i.e. different unit cell types and relative densities) and material types. Porous
structures were additively manufactured from Co-Cr using a selective laser melting (SLM)
machine and tested under quasi-static compression. The normalized mechanical properties
obtained from those structures were compared with mechanical properties available from our
previous studies for porous structures made from Ti-6Al-4V, tantalum, and pure titanium as well
as with analytical solutions. The normalized values of elastic modulus and yield stress were found
to be relatively close to each other as well as in agreement with analytical solutions regardless of
material type. However, the material type was found to systematically affect the mechanical
properties of AM porous biomaterials in general and the plateau stress and energy absorption
capacity in particular. To put this in perspective, topological design could cause up to 10-fold
difference in the mechanical properties of AM porous biomaterials while up to 2-fold difference
was observed as a consequence of changing the material type.
Keywords: Microstructure, porous biomaterial, additive manufacturing, selective laser melting.
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1. INTRODUCTION
Recent advances in additive manufacturing (AM) techniques have enabled fabrication of porous
biomaterials with complex topology of the micro-architecture. Since the mechanical properties of
such AM porous biomaterials are directly related to the topology of their microarchitecture [1-3],
it is possible to design porous biomaterials that satisfy certain design objectives. For example, AM
porous biomaterials with mechanical properties similar to those of native bone tissue could be
made from metallic alloys whose mechanical properties are a few orders of magnitude higher than
bone [4, 5]. This decreased stiffness prevents a common problem associated with solid implants
known as stress shielding. The open-cell interconnected hollow space inside porous implants also
allows for adjustment of scaffold permeability [6, 7] to facilitate mass transport and, thus, cell
oxygenation and nutrition. Moreover, bone could grow into the open pore structure, which in turn
results in improved implant fixation and osseointegration [8, 9]. Finally, the porous structure
increases the surface area of such AM biomaterials. The increased surface area of AM biomaterials
could then be used for bio-functionalization purposes, for example, to improve bone tissue
regeneration performance [10-12] or to induce antibacterial effects [13-15].
Most of the properties discussed above including the mechanical properties, mass transport
properties (such as permeability), and surface area are directly related to the topology of the microarchitecture of additively manufactured porous biomaterials. That is why a major paradigm in the
development of such biomaterials has been “topological design” [16]. Within the context of
mechanical properties, topological design refers to the adjustment of the quasi-static [17, 18] and
fatigue [19, 20] properties of additively manufactured porous biomaterials through rational design
of the geometry of their micro-architecture. This approach has been supported by a relatively large
number of studies within the last few years that have found that the normalized (i.e. the ratio of a
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property in the porous structure to that of the bulk material) mechanical properties including the
elastic modulus, yield stress, and Poisson’s ratio of AM porous biomaterials are strongly dependent
on the topology of the porous structure [21-25]. The relevant topological parameters include
relative density, geometry of the strut cross-section, and shape of the unit cell [21-25].
Given the direct and strong influence of topology, the vast majority, if not all, of analytical and
computational models used for predicting the mechanical properties of such biomaterials assume
that the normalized mechanical properties of AM porous biomaterials are the same regardless of
the material used for making the porous structure. In other words, previous studies have assumed
there is no modulation between the material type and topology in determining the mechanical
properties of AM porous biomaterials. In this study, we aim to determine whether such an
assumption is valid and, thus, try to separate the effects of topology from those of material type.
A large dataset of the mechanical properties of AM porous biomaterials based on various types of
topological designs and different material types is needed to answer the above-mentioned research
question. We therefore used selective laser melting to manufacture porous metallic biomaterials
from Co-Cr with three different types of repeating unit cells and three to four porosities. The
topological features and compressive mechanical properties of the obtained specimens were then
determined respectively using micro-computed tomography (µCT) and mechanical testing. In our
previous studies, we had additively manufactured, topologically characterized, and mechanically
tested similar (same unit cell designs) porous structures from other types of materials including
the titanium alloy Ti-6Al-4V [26], pure titanium [27], and tantalum [28]. The entire dataset of four
different types of materials, three types of repeating unit cells, and multiple porosities was then
used to determine whether or not there is a modulation between the material type and topology in
determining the normalized mechanical properties of AM porous biomaterials.
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2. MATERIALS AND METHODS
2.1. Materials and manufacturing
Co-Cr porous structures (Figure 1) were additively manufactured using a ProX DMP 320 (3D
Systems). Co-Cr powder (Cr 28.5%, Mo 6%, other specifications according to ASTM F75) was
processed on top of a solid substrate under an inert atmosphere with less than 50 ppm of O2. Three
different unit cell types (truncated cuboctahedron, diamond, and rhombic dodecahedron) were
chosen for fabricating the porous structures. For each unit cell type, different strut thicknesses were
used in order to achieve porous structures with different relative densities (Table 1). All specimens
were cylindrical in shape with diameters of 15 mm and lengths of 20 mm. The unit cell size was
1.5mm. In addition to porous biomaterials, several solid specimens were additively manufactured
and tested to obtain the mechanical properties of the bulk material (Figure 2 and Table 2). For the
bulk Co-Cr material, the elastic modulus was obtained using both INSTRON 5985 (Illinois Tool
Works Inc., Glenview, IL, USA) mechanical testing machine and a setup employing the impulse
excitation technique (RFDA basic, IMCE, Genk, Belgium) that works on the basis of measuring
natural frequencies in vibration [29]. For the mechanical testing machine, a 100 kN load cell was
utilized and the displacement rate was set to 1.8 mm/min. The specimens used for impulse
excitation technique were brick-shaped with the following dimensions: 6.9×34.9×89.5 mm. The
stress-strain curves and mechanical properties of the porous structures with the same unit cell types
but made from other materials including Ti-6Al-4V [26], pure titanium [27], tantalum [28] were
adopted from our previous studies and were used for comparison purposes.
2.2. Topological characterization
Dry weighing and µCT scanning were both used to determine the relative density of the porous
structures. In dry weighing, the weight of each specimen was measured in room temperature and
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in normal atmospheric conditions. The measured weight was then divided by the volume of the
specimens to determine the density of the specimens. The obtained density of the specimens was
then divided by the density of the bulk material they were made of (i.e. 8800

/

) to obtain

the relative density of the porous structures.
In another approach, the Co-Cr porous structures were imaged using a µCT scanner (Quantum FX,
Perkin Elmer, USA) (Figure 3). The porous structures were scanned under a tube current of 180
µA and a tube voltage of 90 kV. The scan time was 3 min and the voxel size of the images was 42
µm×42 µm×42 µm. The automatically reconstructed µCT images were converted into a series of
2D images using Analyze 11.0 (Perkin Elmer, USA). The 2D images were exported to Fiji (NIH,
Bethesda, MD, USA) and regions of interest (ROIs) were defined. After local segmentation in Fiji,
the prebuilt plugin of BoneJ (available in ImageJ) was used to calculate the ratio of void volume
to the 3D ROI volume, the strut size as well as the pore size of the scaffolds.
2.3. Microstructural analysis
For each series of porous structures, one sample was chosen for micro-structural observation.
Specimens were first ground from 80 to 2000 grit size and then polished respectively with 3 µm
and 1 µm polishing papers. Different etching solutions were used to reveal the grains of Co-Cr
porous structures mechanically tested here as well as pure titanium and Ti-6Al-4V specimens used
in our previous studies. Pure titanium and Ti-6Al-4V samples were immersed in the Kellers etchant
(190 ml water + 5 ml nitric acid + 3 ml Hydrochloric acid + 2 ml Hydrofluoric acid) for about 150
s. Co-Cr samples were immersed in a solution of 37%HCl + 1g K2S2O5 for about 5 min. The
microstructure of the specimens was observed with an optical microscope (OM, model BX60M,
Olympus) and a scanning electron microscope (SEM, JSM-IT100, JEOL).
2.4. Static mechanical testing
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The mechanical tests were carried out using an Instron 5985 mechanical testing machine with a
100 kN load cell. The loading rate was set to 1.8 mm/min. The methodology used for carrying out
the experimental tests was the same as the one described in the ISO standard 13314:2011 [30]
which specifies the compression test methods for porous and cellular metals. The porous structures
based on the diamond and truncated cuboctahedron unit cells were compressed up to 60% strain,
while the porous structures based on the rhombic dodecahedron unit cell were compressed up to
80% strain. The mechanical tests were repeated three times for each type of porous structure. The
mechanical properties obtained from three samples of each type were used to calculate the mean
and standard deviations of the corresponding mechanical properties. The following mechanical
properties were calculated: elastic modulus, yield stress, plateau stress, and energy absorption.
Elastic modulus was determined by measuring the slope of the initial linear part of the stress-strain
curve. Yield stress was obtained by offsetting a line to the right side of the initial linear part of the
stress-strain curve for 0.2 % strain and obtaining its intersection with the stress-strain curve.
Plateau stress refers to the second stage of the stress-strain curves in which the strain value
increases significantly with minor change in stress value. As suggested by the ISO standard
13314:2011 [30], to calculate the plateau stress, the stress values at 20% and 40% strains were
determined and their arithmetical mean was computed. The energy absorption capacity of each
structure was defined as the area below the load-displacement curve for up to 50% strain.
The noted parameters were plotted against the relative density of the porous structures as
determined by µCT. To be able to compare the mechanical properties of porous structures
systematically, power law relationships, i.e.

, where

stands for the property and

represents the relative density of the porous structure, were fitted to all the mechanical propertyrelative density data points. The constants

and
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are reported in the corresponding curves.

To measure the hardness of the struts, the cross-section of each specimen was grinded to 320 grit
size and then polished to 9 µm. The HV 0.5 test protocol devised for measuring the Vickers
hardness (DuraScan-70, Struers, Netherlands) was used. The hardness was measured in 20 random
positions on the cross-section of the porous structures, and their average value as well as the
standard deviation was calculated.
2.5. Analytical relationships
Experimental elastic modulus and yield stress curves will be compared to the corresponding
analytical curves obtained for the three noted unit cell types in previous studies. The relative
density and normalized elastic modulus of the porous structures based on the truncated
cuboctahedron unit cell are given as [31]:
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where , , and are respectively the radius, cross-section area, and length of the struts,
elastic modulus of the bulk material, and

and

are two parameters defined as

is the
and

for analytical derivations based on the Euler-Bernoulli beam theory. For the Timoshenko beam
theory,

and

.

and

are respectively the area moment of

inertia and polar area moment of inertia of the struts. An analytical relationship presented in the
supplementary material of [31] was used to determine the normalized yield stress of the truncated
cuboctahedron porous structures.
The relative density, normalized elastic modulus, and normalized yield stress of porous structures
based on the diamond unit cell are as follows [32]:
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54.73°. Subscripts 1, 2 and 3 denote the main directions of the rhombic dodecahedron

unit cell.
3. RESULTS
The Vicker’s micro-hardness measurements on porous structures gave the hardness values of 461
± 30 for the Co-Cr and 433 ± 9 for the Ti-6Al-4V structures. The typical optical microscopy images
of the cross-section of three sample specimens are presented in Figure 4. Pure titanium showed
lath-shaped grains with a length range of sizes between 20 and 50 μm, which could be identified
as a hexagonal close packing (hcp) α phase (Figure 4a). A fully acicular α’ martensitic
microstructure was developed in Ti-6Al-4V during the SLM process, which had lengths in the
range of 10-20 μm (Figure 4b) and widths in the range of 1-2 μm (Figure 5a). The Co-Cr grains
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were cylindrical-shaped with diameters around 1 μm (Figure 4d and Figure 5b). The welding line
between different melting pools of Co-Cr porous structures were visible in the microstructural
images (Figure 4c). The grain growth direction was different for different melt pools (Figure 4d).
Under compression, all the structures demonstrated the three-stage stress-strain curves that are
typical of porous structures including porous biomaterials (Figure 7-9). The first part was linear
elastic after which the slope of the diagram rapidly decreased. In the second stage (known as the
plateau stage), the strain increased significantly with small increases in the stress value. In the final
stage known as the densification stage, the stress started to increase exponentially (Figure 7-9).
For all the relative densities of the porous structures based on the diamond unit cell, densification
occurred in strains about 40% (Figure 7). In the porous structures based on the rhombic
dodecahedron and truncated octahedron unit cells, densification occurred at strains around 60%.
In high-density (

0.415) porous structures based on the rhombic dodecahedron unit cell,

densification started earlier (

41.5%) (Figure 8c).

Using the stress-strain curves obtained from different specimens, the normalized elastic modulus,
yield stress, plateau stress, and energy absorption of all the specimens were determined and plotted
against relative density (Figure 10-13). In two of the graphs (i.e. normalized elastic modulus and
normalized yield stress) for which analytical relationships were available from the literature [23,
31, 32], analytical curves are plotted as well (Figure 10-11).
Regardless of the unit cell type, the normalized values of the elastic moduli and yield stress for the
porous structures made from both Ti-6Al-4V and Co-Cr were in general agreement with each other
(Figure 10-11). As for the normalized plateau stress diagrams, the results of both Co-Cr and Ti6Al-4V structures were close to each other for the rhombic dodecahedron unit cell (Figure 12b).
For the porous structures based on the diamond and truncated cuboctahedron unit cells, the
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normalized values of the plateau stress of the Co-Cr structures were higher than those of the Ti6Al-4V structures (Figure 12a, c).
The energy absorption capacities of the Co-Cr structures were higher than those of the Ti-6Al-4V
structures for the diamond unit cell type, while the opposite held for the rhombic dodecahedron
and truncated cuboctahedron unit cells (Figure 13). The elastic modulus and yield stress vs. relative
density curves of commercially pure Ti (CPT, grade 1) porous structures were generally close to
those of Ti-6Al-4V structures (Figure 10-11). However, the normalized plateau stress curve of
CPT was significantly higher that of Ti-6Al-4V (Figure 12).
For all unit cell types, both the Ti-6Al-4V and Co-Cr porous structures showed normalized elastic
modulus and normalized yield stress values that were relatively close to the corresponding
analytical curves (Figure 10-11). In the diamond and truncated cuboctahedron unit cells, the
normalized elastic modulus curves of both the Ti-6Al-4V and Co-Cr porous structures almost
overlapped with the analytical curves (Figure 10). For the rhombic dodecahedron unit cell,
however, the normalized elastic modulus and yield stress of the porous structures made of different
materials showed more deviations from each other and from the analytical predictions (Figure 11).

4. DISCUSSION
Previous theoretical and analytical studies on the mechanical properties of AM porous biomaterials
[33] have generally assumed that the normalized mechanical properties of porous structures
(normalized elastic modulus, normalized yield stress, and Poisson’s ratio) are not dependent on
the material type and that the only influencing factor is the topological design of the microarchitecture. The main goal of this study was to find whether the material type in isolation or in
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modulation with topology influences the mechanical properties of AM porous biomaterials.
Comparison of experimental results with analytical solutions demonstrated that, save for few
exceptions, the elastic modulus and yield stress values of the porous structures made from all the
studied materials (Co-Cr, Ti-6Al-4V, pure titanium, and tantalum) are relatively close to each other
and in general agreement with the analytical predictions. The normalized plateau stress and energy
absorption capacity of the porous structures made of different materials, however, showed
significant differences with respect to each other (Figure 12-13).
The results of this study clearly show that both topological design and material type are important
factors determining the response of AM porous structures although topological design is the
dominating factor. It is therefore important to quantify the effects of both factors on the mechanical
properties of AM porous biomaterials. Quantitatively speaking, choosing different materials (and
their associated manufacturing parameters) could result in up to 200% difference in the normalized
mechanical properties. To put this in perspective, the results of our previous studies have shown
that topological design could cause differences in the elastic properties that could go as high as
1000% [33]. At a relative density of 50%, for example, analytically estimated normalized elastic
modulus of porous structures based on the diamond unit cell is about 0.025 while the corresponding
value for the porous structures based on isocubes is about 0.25 [33]. Increasing the relative density
of porous structures based on different unit cell types from 10% to 50% could increase the
normalized elastic modulus up to 2400% (see the normalized elastic modulus curve of isocube in
Figure 3a of [33]). Changing the cross-section type in constant relative density of porous structure
does not have a significant influence on the normalized elastic modulus but it could cause up to
200% change in the normalized yield stress (see Figure 12 in [34]). Comparison of the percentages
mentioned above shows that the topological design of porous structure is the dominant factor
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determining the normalized elastic properties of the porous structures. It is, nevertheless, important
to take the effects of the manufacturing parameters as well as the mechanical properties of the bulk
material into account to obtain more accurate estimations of the mechanical properties that are
needed in the rational design process.
4.1. Mechanistic aspects
There could be several reasons behind the relatively minor differences between the normalized
elastic modulus and yield stress curves of the porous structures made from different materials. One
of the first reasons is the difference between the materials in terms of the AM process including
the quality of the powder and suitability of the chosen laser beam parameters such as the laser
power and scanning speed. Two types of irregularities are usually created in AM porous
biomaterials [35]. In the first type, the cross-section areas of the struts are not constant and show
deviations with respect to the nominal (i.e. design) values. The second type of irregularities
corresponds to the fusion process of the particles during which some micro-porosities may be
created in the fused solid material. Depending on the suitability of the chosen manufacturing
parameters and powder characteristics, the irregularities created in the porous structure could be
quite different. Such irregularities may decrease both the elastic modulus and yield stress values.
Moreover, compositions and microstructures are important factors influencing the mechanical
behavior of AM porous structures. In pure metals, the elastic modulus mainly depends on the interatomic forces: metals with smaller inter-atomic distances have higher elastic moduli. As for the
metallic alloys, the alloying elements could also change the elastic modulus by introducing lattice
distortion or forming second phase particles. Taking Ti-6Al-4V as an example, the α phase has a
higher elastic modulus than the β phase [36, 37]. The elastic modulus of this alloy could therefore
vary for different manufacturing processes and different laser processing parameters in AM [32],
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because the compositions of α and β phases could vary. The same holds for Co-Cr. Although there
is no extensive literature describing the effects of different phases on the elastic modulus of AM
Co-Cr, the basic phase of Co-Cr is expected to have lower elastic modulus than the second phase
in the boundary. In addition to the microstructural compositions, strong crystallographic
anisotropy could also cause variations in the elastic modulus, as the elastic modulus is usually
dependent on the crystal orientations. These are why the elastic modulus of Ti-6Al-4V could
change from 95 GPa to 145 GPa [38-40] while that of Co-Cr varies between 178 GPa and 230 GPa
[41-43], according to different studies.
As for the yield strength, microstructure has a larger contribution. Yield strength is affected by
many microstructural characteristics such as grain size, second phase distribution, and anisotropy.
Smaller grains lead to more grain boundaries. According to the Hall-Petch relationship, the yield
strength of materials increase as the grain size decrease. Smaller grains could decrease the
dislocation amount in each dislocation cluster, which decreases the stress concentration. Selective
laser melted Co-Cr alloy has a very small columnar grain size, which results in higher yield
strengths than conventionally manufactured alloys [44]. Needle shaped α’ phases in Ti-6Al-4V
increase the strength of the alloy as well. Moreover, the fine and uniform second phase
distributions could improve the yield strength by effectively inhibiting the dislocation movement.
SEM pictures of Co-Cr showed that the second phases are all distributed in the boundary of the
grains. The pin effect of the second phases in the grain boundary could keep the boundary from
sliding. Microstructural anisotropy, textures as well as a number of other parameters could give
rise to different yield strengths in different directions. Previous studies have found that yield
strength is higher when the (tensile) test direction is perpendicular to the build direction for both
selective laser melted Ti-6Al-4V and Co-Cr solid materials [45, 46]. In our Co-Cr samples, the

14

texture resembling a common weaved fabric [47] could have also been effective in improving of
the yield strength of the material.
In addition to the defects introduced by the AM process, the deviations from the analytical solution
may have been also caused by the microstructural differences between AM bulk material and
porous material. This difference between the fully solid material and porous structures is due to
the different laser processing parameters as well as different heat transfer conditions in the powder
bed (given their difference in terms of topology). Struts in the porous structures are mostly
overhang structures, while solid parts are always supported by the former layers. The fully solid
parts could therefore generate textures in parallel with the build direction, but the same may not
happen in porous materials, as laser has limited influence on the former layer in the tilted struts.
Second, the normalization of mechanical properties was performed based on the assumption that
the porous samples all have homogeneous microstructures, while the microstructural observations
showed that it there may be some variations (Figure 4-6).
4.2. Difference between various mechanical properties
Not all mechanical properties were similar in terms of the effects of topological design and material
type. The normalized plateau stress values of pure titanium and Co-Cr were significantly higher
than that of Ti-6Al-4V (Figure 12). This difference in the plateau stress diagram could be attributed
to the different post-elastic behaviors of the noted materials. Pure titanium and Co-Cr materials
are more ductile than Ti-6Al-4V. That is why the porous structures made from pure titanium and
Co-Cr keep their integrity and (distorted) cell walls up to very large strains, while in the Ti-6Al4V porous structures, collapsing and crushing of the cells start from the very beginning of
deformations (compare the deformed porous structures made of pure titanium and Ti-6Al-4V in
Figure 2a and Figure 2b of [27]). This difference in the post-elastic behavior of the noted materials
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substantially affects their stress-strain curves. In the Ti-6Al-4V porous structures, the stress-strain
curves show an initial peak point after yielding followed by considerable fluctuations in the plateau
part (see Figures 4,6,7 in [26]). After this point, the stress decreases sharply, continuing up to the
densification point with stress values much lower than the initial maximum stress. Therefore, in
AM porous structures made of Ti-6Al-4V structures, the plateau stress is usually around the yield
stress (and much lower than the initial maximum stress) (compare e.g. Figure 11 and Figure 12).
On the other hand, the stress-strain curves of pure titanium do not show any initial peak and stresses
keep slowly and constantly accumulate up until the very end of deformations. In the AM porous
structures made from pure titanium, the plateau stress could therefore be much higher than the
yield stress (see Figure 2a in [27]). In the stress-strain curves of Co-Cr porous structures, the initial
peak point and the fluctuations in the plateau regime are less significant than those in the stressstrain curves of Ti-6Al-4V. The higher ductility levels in the AM Co-Cr and pure titanium
structures as compared to AM Ti-6Al-4V structures explains the higher plateau stress levels in the
AM Co-Cr and pure titanium porous structures.
The energy absorption capacity diagrams did not show any particular trend regarding which of the
two Co-Cr and Ti-6Al-4V structures could absorb more energy (Figure 13). In fact, the order of
normalized energy absorption capacity with respect of the material type was different in structures
having different unit cell types. The main reason is that the total energy absorption capacity, which
was measured up to 60% strain, is a sum of the elastic and plastic energy absorption capacities.
The elastic modulus is a major factor in determining the elastic energy absorption capacity of the
AM porous structures, while the plateau stress is more influential in the case of the plastic energy
absorption capacity (for which the Co-Cr structures showed higher values than the Ti-6Al-4V
structures). The order of the total energy absorption magnitude with respect to the material type is
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determined by the contribution of both elastic and plastic parts. What is stated above also implies
that if the energy absorption capacity is measured up to lower strains (than 50%), the order of
energy absorption values may have become more similar to the one observed for the normalized
elastic moduli (Figure 10), and that if the energy absorption capacity was measured up to higher
strains (than 50%), the order of energy absorption magnitude may have been more similar to the
normalized plateau stress diagrams (Figure 12).
5. CONCLUSIONS
This systematic study on the effects of topological design and material type on the mechanical
response of AM porous biomaterials showed that topological design has the dominant effect on
the normalized elastic modulus and yield stress values. However, the material properties of the
bulk material (such as ductility) could have considerable effects on the plateau stress and energy
absorption capacity of the porous structure. Although the effect of material type on the post-elastic
response of porous structure is much more significant than its effect on the elastic properties, its
effect is still lower as compared to topological design. Quantitatively speaking, topological design
could cause up to 10-fold difference in the mechanical properties of AM porous biomaterials while
up to 2-fold difference was observed as a consequence of changing the material type.
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Tables
Table 1- Topological design and morphological properties of the porous structures having different
unit cell types and sizes
Relative density
Dry
weighting
µCT
Truncated cuboctahedron (TCO)
TCO-1
0.236
0.27
TCO-2
0.269
0.28
TCO-3
0.336
0.334
TCO-4
0.386
0.424
Rhombic dodecahedron (RD)
RD-1
0.299
0.292
RD-2
0.372
0.475
RD-3
0.415
0.532
Diamond (D)
D-1
0.209
0.272
D-1
0.267
0.35
D-3
0.34
0.445
D-4
0.401
0.526

Strut size (µm)
Nominal
(Design)
µCT

Pore size (µm)
Nominal
(Design)
µCT

324
356
410
460

343.2
339.84
396.96
433.584

876
844
790
740

917.76
895.2
821.472
669.312

310
370
430

349.44
402.528
446.4

590
530
470

506.256
492.576
431.76

320
375
415
450

357.216
390.384
440.928
486.288

580
525
485
450

650.736
541.488
465.6
411.36

Table 2- Mechanical properties of the bulk materials

Ti-6Al-4V [32]
Co-Cr
Commercial pure
titanium (CPT) [27]
Tantalum [28]

657

[GPa]
122
201.5 (Mechanical test)
205 (Impulse Excitation)

300
180

100
179

[MPa]
980
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Figure 1- Side view of the additively manufactured Co-Cr porous structures based on (a) diamond (b)
rhombic dodecahedron, and (c) truncated cuboctahedron unit cells
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Figure 2- Stress-strain curves of different bulk materials used for additive manufacturing of porous
biomaterials
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(a)
(b)
(c)
Figure 3- Reconstructed CT images of Co-Cr porous structures based on (a) diamond, (b) truncated
cuboctahedron, and (c) rhombic dodecahedron unit cells
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(a)

(b)

(c)

(d)

Figure 4- Microscopic views of the microstructure of additively manufactured (a) pure titanium, (b) Ti6Al-4V, and (c-d) Co-Cr porous structures with etched cross-sections
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(a)
(b)
Figure 5- SEM picture of the microstructure of additively manufactured (a) Ti-6Al-4V, (b) Co-Cr
porous structures with etched cross-sections
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Figure 6- Comparison of microstructure of additive manufactured solid and porous specimens with
different magnifications: (a) Ti-6Al-4V and (b) Co-Cr.
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(a)

(b)

(c)
(d)
Figure 7- Stress-strain curves for Co-Cr porous structures based on diamond unit cell with different
relative density values: (a) 0.209, (b) 0.267, (c) 0.34, and (d) 0.401.
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(a)

(b)

(c)
Figure 8- Stress-strain curves for Co-Cr porous structures based on rhombic dodecahedron unit cell
with different relative density values: (a) 0.299, (b) 0.372, and (c) 0.415.
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(a)

(b)

(c)
(d)
Figure 9- Stress-strain curves for Co-Cr porous structures based on truncated octahedron unit cell
with different relative density values: (a) 0.236, (b) 0.269, (c) 0.336, and (d) 0.386.
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Figure 10-Comparison of normalized elastic modulus of Ti-6Al-4V, Co-Cr, Tantalum, and CPT porous
structures based on (a) diamond, (b) rhombic dodecahedron, and (c) truncated octahedron unit cells.
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Figure 11-Comparison of normalized yield stress of Ti-6Al-4V, Co-Cr, Tantalum, and CPT porous
structures based on (a) diamond, (b) rhombic dodecahedron, and (c) truncated octahedron unit cells.
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Figure 12-Comparison of normalized plateau stress of Ti-6Al-4V, Co-Cr, Tantalum, and CPT porous
structures based on (a) diamond, (b) rhombic dodecahedron, and (c) truncated octahedron unit cells.
34

90

Co-Cr

80

Ti-6Al-4V

D

y = 422.89x1.94
R² = 0.9807

U [Mj/m3]

70
60
50
40
30

y = 401.07x2.2331
R² = 0.9967

20
10
0
0

0.1

0.2

0.3

0.4

Structure relative density
(a)
90
70

U [Mj/m3]

RD

Tantalum
Co-Cr
Ti-6Al-4V
CP-Ti

80
60
50

y = 837.18x2.5599
R² = 0.9998

40

y = 2181.1x3.7391
R² = 0.9959

30
20
y = 71.586x0.9447
R² = 0.2114

10
0
0

0.1

0.2

0.3

0.4

Structure relative density
(b)
90
Co-Cr

80

Ti-6Al-4V

TCO

U [Mj/m3]

70
60
y = 716.11x2.4071
R² = 0.9623

50
40

y = 1265.3x2.9304
R² = 0.9911

30
20
10
0
0

0.1

0.2

0.3

0.4

Structure relative density
(c)
Figure 13-Comparison of energy absorption of Ti-6Al-4V, Co-Cr, Tantalum, and CPT porous
structures based on (a) diamond, (b) rhombic dodecahedron, and (c) truncated octahedron unit cells.
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